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Abstract:

 The glycine betaine (betaine), interacts with several types of proteins with diverse structures in vivo, and in the contact regions, the aromatic rings of protein residues are frequently found beside the trimethylammonium group of betaine, implying the importance of the cation−π interactions in recognition of this molecule. The crystal structures determined by X-ray crystallography of the complexes of betaine and C-ethyl-pyrogallol[4]arene (pyrogallol cyclic tetramer: PCT) and betaine and C-ethyl-resorcin[4]arene (resorcinol cyclic tetramer: RCT) mimic the conformations of betaine and protein complexes and show that the clathrate conformations are retained by the cation−π interactions. The difference of the conformation feature of betaine in the Protein Data Bank and in the Cambridge Structural Database was found by chance during the research and analyzed with the torsion angles.
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1. Introduction

Betaine is synthesized in vivo through two subsequent oxidation steps from choline [1]. In the rat liver, the first step is catalyzed by electron transfer-linked choline dehydrogenase in mitochondria [2,3] and the next step by nicotinamide adenine dinucleotide (NAD)-dependent betaine-aldehyde dehydrogenase. Betaine-homocysteine-S-methyltransferase (E.C. 2.1.1.5) requires betaine together with zinc ion as an important methyl donor coenzyme for metabolizing homocysteine, which is one of the inductive factors of atherosclerosis, to methionine in liver and kidney of man and pig [4,5,6,7]. Betaine is a simple small molecule composed of a methylene group with a cationic trimethylammonium group and a carboxyl group at both ends. The structural flexibility of non-hydrogen atoms in the molecule is limited at two torsion angles around two bonds of a methylene group.

In the Protein Data Bank (PDB), the structures of 13 kinds of proteins with betaine molecules are revealed [8,9,10,11,12,13,14,15,16,17,18,19,20], and in the almost structures, aromatic rings of protein amino acids interact with the trimethylammonium group of betaine through cation−π interaction, except for two structures. In many kinds of protein architectures recognizing molecules with trimethylammonium groups, the cation−π interactions play important roles for recognition and binding [21,22]. In the Cambridge Structural Database (CSD), just one betaine structure among about one hundred fifteen reported betaine structures seems to form the cation−π interaction, though it is not clear whether the cation−π interaction is critical for the structure formation, because many other hydrogen bonds are formed simultaneously.

In this research, the two structures, betaine-C-ethyl-pyrogallol[4]arene (pyrogallol cyclic tetramer: PCT) and betaine-C-ethyl-resorcin[4]arene (resorcinol cyclic tetramer: RCT), in which the trimethylammonium group is bound, mainly by cation−π interactions, are solved with X-ray crystallography.



2. Results and Discussion

PCT and RCT are the artificially synthesized cyclic tetramers, which are often used to investigate the cation−π interactions [23]. The crystals of the PCT-betaine complex and the RCT-betaine complex were obtained from each solution in ethanol and water at room temperature. The PCT-betaine structure and the RCT-betaine structure were determined by X-ray crystallography with the data measured at 120 K and 107 K, respectively.

In each crystal structure, a betaine molecule makes a complex with a cyclic tetramer molecule. The trimethylammonium group of the betaine molecule faces toward the bottom of the aromatic bowl of the cyclic tetramer molecule. The conformation of betaine and the relative position to PCT or RCT in each complex are similar to each other (Figure 1). The trimethylammonium group of betaine is in the distance to form cation−π interactions with aromatic rings of PCT or RCT. No conventional hydrogen bond with the trimethylammonium group is observed. Almost only cation−π interactions keep the position of the trimethylammonium group fixed, indicating its importance for the structural formations of complexes.

Figure 1. The structures of betaine complexes with pyrogallol cyclic tetramer (PCT) (a) and resorcinol cyclic tetramer (RCT); (b) determined by X-ray crystallography are described with ORTEP. Dotted lines represent conventional hydrogen bonds. The names of all oxygen atoms and atoms of the betaine molecule are indicated to distinguish the atoms. Distances (Å) from the carbon atoms of the trimethylammonium group of betaine to the π-centroids of PCT (< 4.1 Å): C40…ring A = 3.16, C41…ring B = 3.56, C41…ring C = 3.34 and C41…ring D = 3.87 and to the π-centroids of RCT (< 4.1 Å): C40…ring A = 3.32, C41…ring B = 3.90, C41…ring C = 3.50 and C41…ring D = 3.71.
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Both complexes are composed of an equimolar of betaine and PCT or betaine and RCT, and each two upside-down complexes make a pair (Figure 2). The crystal structures, including tetramethylammonium, analogous molecules to betaine, complexed with the cyclic tetramer, PCT or RCT have been solved and reported as CSD ID of JALFEI [24], PUJQOA [25], XUSZUG [26], XUTBAP [26], XUSZOA [26] and UKERIL [27]. Except for UKERIL, two molecules upside-down to each other of PCT or RCT form an almost complete capsule-like structure sandwiching solvent molecules between them, in some cases, with the complex ratio of the cyclic tetramer and tetramethylammonium of 2:1. Compared with these structures, the complex structures, including betaine, could not form complete capsule-like structures and take the laterally slid complex pair structures, because of the carboxyl group of betaine. In both complexes, two upside-down PCT or RCT molecules did not form direct hydrogen bonds to each other, while betaine molecules form hydrogen bonds to PCT or RCT molecules in the counterpart complexes, shaping the laterally slid complex pair structures. The way of coupling the complexes is different between PCT and RCT. The upside-down complexes make not a complete capsule, but a disturbed complex pair slid laterally in the direction for two betaine carboxyl groups becomes far in the PCT-betaine structure and near in the RCT-betaine structure. This may be caused by electrostatic repulsion between the carboxyl group of betaine and the one more hydroxyl group per aromatic ring of PCT than of RCT.

Figure 2. The slid complex pair structures composed of two complexes. One complex is composed (a) of a betaine molecule and a PCT molecule; and (b) of a betaine molecule and a RCT molecule. Ethanol and water molecules are not drawn for clarity. Hydrogen bonds between two complexes are represented by dotted lines. Each upside-down structure is positioned with crystallographic symmetry. It is inferred that one more hydroxyl group per aromatic ring of PCT compared to RCT prevents the PCT complex from forming the same structure as the RCT complex.
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Many betaine structures have already been determined and reported as small organic chemicals in CSD and as ligands to proteins in PDB. Interestingly, the distributions of the conformations are different between CSD and PDB. To describe the structural distribution, two torsion angles around the methylene group, which are only flexible parts of non-hydrogen atoms in betaine structures, were measured. The absolute value of the torsion angle around the bond between the methylene group and the carboxyl group was named η, and the absolute value of the torsion angle around the bond between the methylene group and the trimethylammonium group was named ζ. The distribution was drawn in Figure 3. The angles, η, of the structures in CSD are over 120°, while in PDB, those range around 90° to 180°; about one third of them are between 90° and 110°, and the other third are over 150°. The angles, ζ, are nearly unchanged values, 180° in both CSD and PDB, except for a few cases. The result of a brief simulation with Chem3D (PerkinElmer Inc., Waltham, MA, USA) shows that the conformation is most stable when the angle, η, is 90°, while the result with CONFLEX (CONFLEX Co., Shinagawa, Tokyo, Japan) shows that the conformation with the highest probability occurs when the angle, η, is 180° for the non-ionization form of the carboxyl group, -COOH, and when the angle, η, is 90° for the ionization form, -COO−. The angles, η, of the PCT-betaine and RCT-betaine complexes are about 180° and 150°, respectively. These values are in the range that the angles, η, of most betaine structures reported in CSD fall within. The angles, ζ, in PCT and RCT complex structures are both about 180°, showing the same tendency as the other small molecule complexes in CSD. This η and ζ analysis shows that the betaine molecules, which mainly interact through the cation−π interactions with host molecules, PCT or RCT, have similar structures to the structures reported in CSD and to the one third group of the structures reported in PDB.

Figure 3. The absolute values of torsion angles of betaine structures reported in CSD (+), in PDB (  [image: Crystals 03 00306 i001]) and here (  [image: Crystals 03 00306 i002]). The almost ζ values are seen between 160° and 180°, both in CSD and PDB, while the tendency of the distribution of the η values are different. The η values observed in CSD structures are almost over 150°, especially gathered near 180°. The η values observed in PDB structures can fall into three groups; the first group is between 90° and 110°, the second between 110° and 150° and the third group over 150°. The third group has the similar tendency of distribution as the structures in CSD. The structures determined here are categorized into the third group.
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3. Experimental Section

PCT and RCT compound was synthesized by an analogous method [28]. The PCT-betaine complex was crystallized from the solution mixing betaine aqueous solution (0.5 mol/L, 1.0 mL), PCT ethanol solution (0.05 mol/L, 2.0 mL), ethanol (1.0 mL) and water (1.0 mL) with evaporation at room temperature for about two weeks. The RCT-betaine complex was crystallized from the solution mixing betaine aqueous solution (0.5 mol/L, 0.2 mL), RCT ethanol solution (0.05 mol/L, 2.0 mL), ethanol (3.0 mL) and water (1.8 mL) with evaporation at room temperature for about three weeks. Each crystal used for X-ray diffraction experiments was 0.4 × 0.4 × 0.1 mm and 0.4 × 0.3 × 0.05 mm in size for PCT-betaine and RCT-betaine, respectively. Both crystals are orange platelets.

The diffraction experiments were made on a Rigaku AFC-7R diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71069 Å) using a rotating anode generator and a Mercury CCD camera at cryo-condition, 120 K for PCT-betaine and 107 K for RCT-betaine. Data reduction, cell refinement and semi-empirical absorption correction was performed with the program CrystalClear (Rigaku Co., Akishima, Tokyo, Japan). The solution of the initial structure by the direct method and refinement of the model by full-matrix least-squares methods, minimizing the function ∑w(|Fo| − |Fc|)2, were executed with the program, SHELXS and SHELXL [29], respectively, on the platform and graphic software, Yadokari-XG [30].

Crystal data for PCT•betaine•2EtOH•5H2O: C43H69NO21, fw = 964.04, triclinic, space group P − 1, a = 12.0178(16), b = 12.275(2), c = 17.554(3) Å, α = 109.887(4), β = 91.042(2), γ = 101.332(3)°, V = 2377.4(6) Å3, Z = 2, Dcalcd = 1.347 g cm―3, μ(Mo Kα) = 1.06 cm―1, F (000) = 1,036. All non-hydrogen atoms were refined with anisotropic temperature factors. The positions of hydrogen atoms, except water molecules, were determined and refined with the riding mode. All distances and angles between non-hydrogen atoms in ethanol models are restrained explicitly. The oxygen atom in one ethanol molecule was refined as an atom disordered to two positions. Final R1 = 0.0925, wR2 = 0.2501 (for 6,754 reflections with I > 2σ(I) out of 9,860 unique in the range 4 < 2θ < 54°) and GOF = 1.146.

Crystal data for RCT•betaine•EtOH•2H2O: C43H61NO13, fw = 799.93, triclinic, space group P −1, a = 12.1241(15), b = 13.3655(19), c = 13.964(2) Å, α = 86.356(15), β = 82.010(15), γ = 73.242(10)°, V = 2,145.1(5) Å3, Z = 2, Dcalcd = 1.238 g cm―3, μ(Mo Kα) = 0.91 cm―1, F (000) = 860. All non-hydrogen atoms were refined with anisotropic thermal parameters. The positions of hydrogen atoms were determined and refined with the riding mode, except hydrogen atoms of water molecules, whose positions were determined with difference Fourier peaks and refined without restraints. Final R1 = 0.0722, wR2 = 0.1967 (for 7,067 reflections with I > 2σ (I) out of 8,883 unique in the range 4 < 2θ < 54°) and GOF = 1.090.

Figures with temperature factors were drawn with the ORTEP32 program [31]. The structures were deposited to the Cambridge Structural Database Centre after checking with the program, enCIFer. Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication Nos. CCDC 916650 and CCDC 916651 for the PCT-betaine complex and the RCT-betaine complex, respectively [32].



4. Conclusions

This research shows that betaine can bind through cation−π interactions with aromatic rings, as is similar to other complex structures having trimethylammonium groups, and that the carboxyl group addition on tetramethylammonium prevents the complex pair from forming entire capsule-like structures, inducing the laterally slid complex pair structures made from two cyclic tetramers upside-down to each other. The distributions of the betaine conformation are different between PDB structures and CSD structures. The structures reported in this work are similar to the CSD structures group and the one-third group of PDB structures. Because of the high resolution, the structures of small molecules mimicking macromolecules enable us to observe detailed points precisely, giving us a precise knowledge of the interaction and recognition conformation of proteins.
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